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CytoskeletonCellular mechanics plays a crucial role in many biological processes such as cell migration, cell growth, embryo-
genesis, and oncogenesis. Epithelia respond to environmental cues comprising biochemical and physical stimuli
through deﬁned changes in cell elasticity. For instance, cells can differentiate between certain properties such as
viscoelasticity or topography of substrates by adapting their own elasticity and shape. A living cell is a complex
viscoelastic body that not only exhibits a shell architecture composed of a membrane attached to a cytoskeleton
cortex but also generates contractile forces through its actomyosin network. Here we review cellular mechanics
of single cells in the context of epithelial cell layers responding to chemical and physical stimuli. This article is part
of a Special Issue entitled: Mechanobiology.
© 2015 Elsevier B.V. All rights reserved.1. Mechanics of epithelial cells — introduction
Epithelial cells form dense continuous sheets at interfaces
employing highly dynamic cell–cell contacts including tight junctions,
adherens junctions, desmosomes and gap junctions. Epithelia act as an
efﬁcient barrier lining the major cavities of the body and also serve as
a mechanosensor transducing forces laterally within a cell monolayer.
The cell-layers are frequently exposed to a variety of mechanical chal-
lenges due to changes in osmotic pressure, chemical stimuli or external
stress. Therefore, cellularmechanics plays an important role inmany bi-
ological processes comprising cellmigration, cell growth, and tissue for-
mation [1]. Moreover, it has been proposed that the elastic response of
cells is a function of environmental cues [2–5]. For instance, epithelial
cells cultured on porous or soft substrates appear softer than those
grown on ﬂat or hard substrates [2,6]. The response of cells to mechan-
ical stimuli can be divided into passive and active contributions. It is
widely accepted that the passive mechanical properties of cells are vis-
coelastic with stress relaxation and creep responses being time invari-
ant displayed in a power-law behavior [7]. Apart from passive
elements cells also possess a contractile actomyosin network giving
rise to a cytoskeletal pre-stress that allows them to stiffen by generation
of intracellular forces. Debates exist whether the contractile nature of
the cytoskeleton affects cellular viscoelasticity due to nonthermal activ-
ity of motor proteins leading to violation of the generalized Einstein
equation of Brownian motion [8]. This is based on the ﬁnding that in
the presence of activated myosin II, the amplitude of the ﬂuctuations
of beads in the actin network is increased by orders of magnitudeobiology.violating the ﬂuctuation-dissipation theorem of conventional Brownian
motion [9]. In essence, most of the mechanical properties of epithelial
cells originate from a thin layer of actin–myosin meshwork called the
cell cortex. This cortex forms a dense active gel with a mesh size of a
few tens of nanometers consisting of transiently cross-linked actin ﬁla-
ments. From a physical point of view these active gels are out-of-
equilibrium systems with local breaking of detailed balance [10]. The
tension generated by this active cortex produces a pressure difference,
which is responsible for bleb formation and pseudopodia extension, a
prerequisite for cell locomotion. Tinevez et al. described the role of cor-
tical tension in bleb growth by relating bleb formation to cellular me-
chanics [11–13]. Apart from cortical tension being the major source of
mechanical force in suspended cells, plasma membrane tension is rec-
ognized as an important regulator of many cellular processes that in-
volve changes in membrane surface area including cellular adhesion,
cell migration [1], mitosis [14], endocytosis [15], exocytosis [16], mem-
brane repair [17], osmoregulation [18], and cell spreading [19,20].
Membrane reservoirs become important features for tension homeosta-
sis especially in epithelial cells since the plasma membrane is largely
inextensible and cannot bear large strains beyond a critical area dilata-
tion of 2–3% [21]. Therefore, rapid adjustments of surface area are re-
quired by sacriﬁcing membrane reservoirs to avoid lysis of the
membrane since membrane tension quickly grows at large strains.
In order to probe themechanical properties of cells, a variety of tech-
niques exists addressing different force and time regimes including
magnetic bead twisting, micropipette aspiration, particle tracking, opti-
cal tweezers, microplate rheology, and atomic force microscopy (AFM)
[22]. Among them force-indentation experiments are frequently carried
out employing an atomic forcemicroscope to reach large strains at high
forces and to obtain maps of the elastic properties of adherent cells.
Thereby the elastic response of conﬂuent cells to indentation is often
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from continuum contact mechanics. Doing so neglects many of the fea-
tures above for the beneﬁt of obtaining a single parameter, the overall
bulk Young's modulus of the probed material. Although the Young's
modulus allows for a quick comparison, it falls short to capture the com-
posite shell-like architecture and active contractility of living cells and
therefore only provides a qualitative picture of the cellular stiffness
[23–25].
In this reviewwe focus on the aspect of plasmamembrane tension in
the context of epithelial cells. Addressing membrane mechanics and
cortical features demands a mechanical model that provides a parame-
ter space large enough to capture the physics and intricate architecture
of the apical membrane of conﬂuent cells but simple enough to create
tractable regression models. The mechanical model should provide ac-
cess to cortical tension, membrane tension, bending rigidity and excess
surface area from conventional force indentation data. Sen et al. de-
scribed a mechanical model solely based on tension in conjunction
with volume conservation to describe force indentation and retrac-
tion experiments performed on adherent cells with an atomic force
microscope (AFM) [26]. Pietuch et al. used a modiﬁed version of
the model for conﬂuent epithelial cells subject to indentation exper-
iments combined with pulling of membrane tethers [27]. This
approach permits to assess local changes in membrane tension and
excess surface area as a function of external stimuli as long as the
cell behaves like a liquid enclosed by a plasmamembrane shell. Mon-
itoring changes in cortical tension, membrane tension and excess
surface area at the same spot of an epithelial cell provides insight
into the mechanical interplay between tension and surface area reg-
ulation due to tension homeostasis. By using chemical and physical
stimuli to provoke changes in tension and excess surface area a com-
prehensive picture of surface area regulation for tension homeostasis
can be provided [18,27,28].2. Mechanical models of cells
In the following section a brief summary of different mechanical
models to describe the viscoelastic properties of cells is given. The
many existing models of cellular mechanics are often strongly related
to the corresponding experimental approach. Both, membrane and cy-
toskeletal mechanics play a pivotal role to account for the response of
cells to mechanical stimuli. While membrane mechanics comes into
play at large strain due to the inextensibility of a lipid bilayer, the acto-
myosin cytoskeleton accounts for responses to small deformations and
active stress components. The cytoskeleton is a transiently cross-
linked, active gel that bears passive stress but also generates tension
bymotor activity consuming chemical energy as well as polymerization
and depolymerization of actin ﬁlaments. Albeit research focus shifts to
the active cell mechanics [10], the body of literature deals with the pas-
sive, viscoelastic properties of cells [5]. In particular, indentation exper-
iments performed with a sharp tip or spherical probe are often
interpreted in terms of time-independent continuum mechanics
(Hertz model) assuming that the cell can be described by a single pa-
rameter, the Young's modulus [29].2.1. Discrete viscoelastic models
Cells are often described as simple linear viscoelastic media combin-
ing elastic with viscous elements. For instance the standard linear solid
is composed of springs and dashpots [22]. Both creep response as well
as stress relaxation of cells subject to constant stress or strain were de-
scribed by this ﬁnite combination of springs and dashpots [30,31]. How-
ever, rheological experiments reveal that a rather broad range of
relaxation times exists giving rise to a power-law behavior limiting
the usability of this approach (vide infra) [32,33].2.2. Viscoelastic gels
The mechanical properties of transiently cross-linked networks of
semiﬂexible polymers are often assumed to provide a reasonable
model for the in vivo situation of living cells in which cytoskeletal pro-
teins form elastic networks with large mesh sizes that allow passage
of macromolecular assemblies and organelles. Gardel et al. found two
distinct regimes of elasticity in artiﬁcial actin networks, one correspond-
ing to the bending of single ﬁlaments and a second one reﬂecting
stretching of entropic ﬂuctuations [34]. The mechanical stiffness was
found to increase upon application of external stress. Although the rhe-
ological properties of the networks formed in vivo clearly differ from
those formed in vitro some properties of cross-linked semiﬂexible poly-
mer networks are also found in living cells. However, the chemical and
structural complexity of the cytoskeleton, its transient cross-links, and
the connection to the plasma membrane renders models based on sin-
gle semiﬂexible polymers too simpliﬁed to capture the intricate physics
of cells on all length and time scales.
2.3. Tensegrity
The cellular tensegrity model was introduced by Ingber and essen-
tially requires that the cytoskeleton carries internally generated pre-
stress, which is partly balanced by forces that arise at focal adhesions
and by internal, compression-supporting ﬁlaments such as microtu-
bules [35]. The cytoskeletal pre-stress comprises active and passive
components generated by contraction of the actomyosin network and
also passively by cellular adhesion, ﬁlament polymerization or osmotic
pressure. The pre-stress is predominately carried by the actin network
but also by intermediate ﬁlaments such as keratin, whereas compres-
sive forces are supported by the microtubules. Thereby, the tensegrity
model describes how cells gain their shape stability and elastic proper-
ties [35,36]. It suggests that mechanically stable structures can be built
using a continuous tension rather than compressive and shear forces
[37].
Albeit tensegrity was very successful to describe elastic properties of
cells it has its shortcomings to capture effects from strong thermal and
nonthermal ﬂuctuations and it does not describe the rheological behav-
ior correctly. Again, onemodel alone fails to provide a complete picture
of cellular mechanics measured with different methods that cover a
broad range of length and time scales.
2.4. Soft glassy rheology model
Fabry and coworkers were the ﬁrst to show that the rheological
properties of single cells might be described what is known as a soft
glassy rheology model [38]. It was found that the complex shear modu-
lus follows a power-law behavior in frequency over a wide range be-
tween 0.01 Hz and 1 kHz. The power-law behavior is valid for diverse
cell types and also for cells exposed to pharmaceutical cues. Important-
ly, power-law behavior is independent of the measurement method
used [39].
According to the generic concept of soft glassy rheology, the cell con-
sists of many disordered elements held in place by attractive or repul-
sive bonds weak enough to change their position. The power-law
behavior found in rheology originates from a wide distribution of ener-
gywell depths that in turn generates a scale-free distribution of element
lifetimes. As elements leave their trap, all their elastic energy is lost
linking dissipation directly to elasticity [39].
Soft glassy rheology accounts for ﬂuidization of cells due to adminis-
tration of cytoskeleton severing agents leading to higher power-law co-
efﬁcients when the cell loses its actin cytoskeleton [38]. One beneﬁt of
this model is that it condenses the intricate nature of the cell into a sin-
gle parameter— the power-law coefﬁcient. At the same time it remains
rather abstract since it fails to link the trapped elements to real molecu-
lar components found in living cells.
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Systems that are driven out of equilibrium by constant energy con-
sumption are refereed to as active [10]. The consumed energy is usually
dissipated as heat or used to produce work. In cells active systems such
as the contractile actomyosin network or microtubules attached to
motor proteins arise. Motor proteins transform chemical energy (hy-
drolysis of ATP) into mechanical work. In the hydrodynamic limit, this
activity of motor proteins generates active stresses by conversion of
chemical energy. The hydrodynamic theory of active gels has been
used to analyze active processes such as lamellipodium motion [40] or
instabilities of the cortical actin layer [41]. The consequences of addi-
tional noise in the system due to energy consumption in the order of
20 kBT leads to a breakdown of the ﬂuctuation-dissipation theorem.
Non- thermal noise produced by active stresses gives rise to a noticeable
deviation between passive and active microrheology and therefore de-
mands new physics to describe ﬂuctuations in systems driven out-of-
equilibrium. AlthoughWirtz and coworkers [8] could not ﬁnd violation
of the ﬂuctuation dissipation theorem in living cells as suggested by the
work of Mizuno et al. [9] using active gels, the large amount of energy
generated by hydrolysis of ATP suggests that this contribution might
not be neglected in active living cells.
2.6. Tension model
Surface area changes are inevitable in cells that are externally de-
formed giving rise to lateral tension stored in the plasmamembrane at-
tached to the actin cortex. The tensionmodel assumes that the restoring
force to deformation of the cell originates only from pre-stress and area
dilatation of the thin shell under a constant enclosed volume. Themodel
has been extensively used to describe the mechanics of membranes in
the absence but also presence of cytoskeleton ﬁlaments neglecting
bending contributions. The latter is only allowed if curvature changes
are small [42,43]. This approach was successfully employed to describe
micropipette suction, and optical tweezer experiments as well as AFM
measurements on liposomes and red blood cells [42–45]. Generally,
the non-deformed shape of the cell is known a priori and appropriate
parameterization allows computing the deformed contour consistent
with Young Laplace's law. Force balance provides the restoring force
as a function of area dilatation and pre-stress [26]. The model has
been successfully used to describe force indentation curves on adherent
cells and has some advantages over other models since it captures the
response of cells also at large strain where the membrane/cortex starts
to dilate laterally. Especially in combination with pulling of membrane
tethers it is possible to distinguish cortical from membrane tension. In
this review we will focus mainly on this model since it allows address-
ing the impact of membrane tension and surface area regulation on cel-
lular mechanics being important for large-scale changes of cellular
morphology.
The tension model assumes a constant isotropic tension T compris-
ing the cortical and membrane tension t0 and a term describing the
stretching or area dilatation of the bilayer at large strain and constant
volume:
T ¼ t0 þ KA ΔAA0 ð1Þ
ΔA denotes the change in surface area related to the initial area of the
cell surface A0 prior to indentation. The area compressibility modulus
KA of the plasma membrane in the absence of membrane reservoirs is
usually on the order of 0.1 N·m−1, while the area compressibility mod-
ulus of the actin-cortex is considerably smaller [46]. At small strain the
pre-stress or overall tension t0 dominates the elastic response. Larger
deformation, however, results in stretching of the shell that is eventual-
ly limited by the inextensibility of the plasma membrane. Area dilata-
tion of the bilayer can be described by a 2-D Hooke's law, in which therestoring force increases nonlinearly with indentation depth. As a con-
sequence, area dilatation of the bilayer dominates the elastic response
of cells to indentation generating large strain. The overall tension t0 is
dominated by an cortical tension tact [11,47] generated by active con-
traction of the actomyosin cortex. Additionally, there is a contribution
from the membrane tension tt comprising the membrane's in-plane
tension and the tension resulting from cytoskeleton-membrane attach-
ment sites.
t0 ¼ tact þ tt ð2Þ
If, however, due to the presence of wrinkles and folds of the plasma
membrane, the real surface area of the cell is larger than the geometrical
one A0, KA needs to be replaced by an apparent area compressibility
modulus ~KA accounting for the excess surface area (Fig. 1).
Since themodel heavily relies on the exact geometry of the cell to com-
pute changes in surface area while maintaining a constant volume it is
important to determine the correct shape of the cell. It is assumed that
the cell–cell contacts, in particular adherens junctions, are connected to
the contractile actomyosin ring that serves as a natural boundary at
which tension is generated. Therefore, a spherical cap extending from this
ring is considered for cells of a polarized epithelium as shown in Fig. 1C.
The relevant topographical parameters needed to describe the cellu-
lar response according to the tensionmodel are the initial base radius of
the cap R1, the height of the apex h and the contact angle ϕ. Overall ten-
sion t0 and the area compressibility modulus are calculated from inden-
tation data, while membrane tether pulling gives access to the
membrane tension tt alone (Fig. 1A). Fig. 1B shows an AFM image (de-
ﬂection) illustrating how the topographical parameters were obtained
(Fig. 1C).
From the force plateau (Ftether) of a fully established membrane
nanotube formed after retraction of the cantilever, membrane tension
tt can be obtained if the bending module of the lipid bilayer κ is
known and viscosity neglected [48,49]:
tt ¼ F
2
tether
8π2κ
: ð3Þ
This procedure allows distinguishing between membrane tension
and cortical tension tact.
3. Elastic properties of conﬂuent MDCK II monolayers
Themechanical properties of epithelial cells in the context of conﬂu-
ent monolayers subjected to indentation with an atomic force micro-
scope are usually assessed by ﬁtting of an appropriate contact
mechanics model [50]. Depending on the indenter geometry either
the Hertz model is used for spherical indenters or the Sneddon model
for conical or pyramidal indenters [23,51]. Importantly, contact models
usually contain only a single parameter to describe themechanics of the
cell, the so-called Young's modulus E. Furthermore, this approach is in-
herently restricted to small indentation depths limiting the ﬁtting range
to the ﬁrst few hundred nanometers of indentation. Apart from the fact
that the regression analysis of the Hertzian contact model describes the
experimental data only poorly over the full force range, the two contact
models also fail to produce Young'smodules that are invariant of the in-
denter geometry [52,53]. Itwas found that the spherical indenter gener-
ally suggests a softer cell body by more than one order of magnitude
compared to a pyramidal indenter probing the identical cell. In contrast,
the tension model describes the full indentation path satisfactorily and
the obtained parameters are largely independent of the indenter
shape (Fig. 1D) [27].
Fig. 1E–G shows histograms of the overall tension t0, the membrane
tension tt, and the apparent area compressibilitymodulus ~KA of a conﬂu-
ent MDCK II cell monolayer measured by indention of cells and subse-
quent membrane tether pulling. The average active cortical tension
Fig. 1. Principle of AFM indentation experiments for computingmechanical parameters of epithelial cells. (A) Force indentation curve (black curve) taken on the center of an epithelial cell
(MDCK II) and analyzed by ﬁtting the parameters of the tension model (red dotted curve). Retraction curve (blue) shows formation of membrane tethers with a speciﬁc tether rupture
force Ftether (inset) employed to determine membrane tension tt. (B) AFM height image of conﬂuent MDCK II cells. The line scan is taken from the ﬁrst scan line (front) of the 3D image.
(C) Parameterization of the apical cap of an epithelial cell comprising base radius R1, the contact radiuswith the indenter (not shown), and height h of the cap, indentation depth δ, contact
angle ϕ, and half opening angle of the probeα. (D) Force indentation curve recorded in the center of a conﬂuentMDCK II cell using a pyramidal indenter (triangles). The curvewas subject
to ﬁtting of the Sneddon model at low indentation depth assuming a conical indenter (green dotted line) and the tension model (red solid line). The tension model describes the exper-
imental data over the full indentation range. (E) Histograms showing the typical distribution of tension values t0 (red) and membrane tension tt (blue) obtained from indentation exper-
iments and tether pulling experiments, respectively. (F) Histogramdescribing the typical bimodal distribution of the apparent area compressibilitymodulus. (G) Histogram of the Young's
modulus calculated by ﬁtting of the Sneddon model to indentation curves.
3078 B.R. Brückner, A. Janshoff / Biochimica et Biophysica Acta 1853 (2015) 3075–3082tactive is larger than the meanmembrane tension tt and therefore domi-
nates the cell's response to indentation at low strain.
The apparent area compressibility modulus ~KA of conﬂuent
MDCK II cells shows two maxima. One maximum is centered at
low ~KA (~KA = 0.02 N/m), while the second one is considerably higher
(~KA = 0.1 N/m) (Fig. 1F). KA-values of pure lipid bilayers and cell
membranes are usually in between 0.1–1 N/m depending on the cho-
lesterol content [46,54]. Signiﬁcantly lower KA-values are indicative of
the presence of excess membrane area stored in protrusions and in-
vaginations of the plasma membrane [55]. For MDCK II cells, a folding
factor of ~8 for the apical plasma membrane was found [56], which is
in good agreement with indentation experiments revealing a folding
factor of ~5 by assuming an area compressibility modulus of about
0.1 N/m.
In conclusion, the elastic response of conﬂuentMDCK II cells is dom-
inated by cortical tension at low indentation depths, while area dilata-
tion of the plasma membrane dictates the response of cells subject to
large strain.
4. Physical stimuli of epithelial cells
4.1. Homeostasis of membrane tension in response to osmotic stress
Osmotic stress is one of most fundamental physical challenges cells
and also tissue faces. Therefore, consequences of osmotic stress have
been extensively studied, mostly addressing osmoregulation in renal
cells that are frequently exposed to very high salt concentrations.
Hyperosmotic stress is responsible for remodeling of the cytoskeleton
and also impacts cell function through damage on the protein and
DNA level [57,58]. In order to survive, cells must therefore createan osmoadaptative response. One strategy naturally comprises an in-
creased production of organic osmolytes and heat shock proteins to
compensate for hyperosmotic stress, while another strategy involves
the storage of excessmembrane area to prevent cell lysis if the cell is ex-
posed to hypoosmotic stress. It was found that conﬂuent cells respond
to hypoosmotic stress in two ways. One purely physical response en-
ables the cell to sacriﬁce excess membrane area stored in surface reser-
voirs to prevent rupture of the stretched plasma membrane [59]. The
second response is a rather long-term reaction to osmotic stress involv-
ing remodeling of the cytoskeleton network and the cytoskeleton-
membrane junction as well as increased endocytosis to restore the ini-
tial tension of the plasma membrane [16,60]. Generally, under isotonic
conditions the contractile actomyosin cortex exerts an inward directed
hydrostatic pressure on the cytosol. This tension of the cortex becomes
apparent since membrane blebs devoid of the cortex usually occur at
sites where the cortex is damaged [11]. The (isotropic) tension of the
plasma membrane produced by the contractile actomyosin network
therefore relies on molecular contacts between the actin cytoskeleton
and the membrane. The apparent area compressibility modulus,
which is ameasure of themembrane's resistance to in-plane stretching,
mirrors excess surface area stored in protrusions and invaginations.
Therefore, a larger membrane reservoir generates a smaller apparent
area compressibilitymodulus. These reservoirs are sacriﬁced atmild hy-
potonic conditions leading to an increase in the apparent area com-
pressibility modulus in response to a rise in tension due to swelling.
The resulting change in volume compensates for the increased osmotic
pressure, which ﬁnally arrest the process. Tether pulling experiments
reveal a drop inmembrane tension in response to hypotonic conditions,
which is most-likely due to a loss or weakening of actin-membrane ad-
hesion sites. Indentation experiments show an increase in tension that
is probably due to the osmotic pressure resisting indentation. The
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crease due to inward directed osmotic pressure, while the cortical ten-
sion inferred from indentation experiments is lower.
Strong hypoosmotic stress eventually leads to disintegration of the
cortex accompanied by lifting-off of the plasma membrane. Concomi-
tantly the apparent area compressibility modulus decreases, a sign
that excess surface area increases. The loss of membrane-actin contacts
leads to strong swelling of the cell body and drop in tension. However,
after some time cortical tension is restored and excess membrane area
is removed by increased endocytosis [18].4.2. Impact of substrate topography
Both, structure and function of eukaryotic cells depend on environ-
mental cues such as topography, elasticity or surface functionalization
of the substrate [61,62]. Thereby, mechanosensing of substrate proper-
ties inﬂuences a large number of cellular responses encompassing cell
growth, differentiation, gene expression, and apoptosis. For instance,
the differentiation of stem cells can be guided bymechanical and adhe-
sive properties of the culture dish [6]. The way the cells sense substrate
properties might be controlled by tension created by motor proteins of
themyosin-family attached to the actin cytoskeleton. In this picture, the
amount of tension generated due to the substrate's deformability is re-
sponsible for the integration of the mechanical signal. While the impact
of substrate stiffness on cell morphology and adhesion is well under-
stood, less information exists how substrate topography relates to cell
mechanics and structure. This is particularly important for cell attach-
ment on implant materials, where surface roughness and topography
are important [63]. The response of cells to their environment dependsFig. 2. Impact of different external stimuli on epithelial (MDCK II) cells. (A) Fluorescence images
pores (2), cells under hypoosmotic stress (3), cells with reduced amount of cholesterol in the p
(5). The second row (B) provides the corresponding AFM deﬂection images. (C–E) Box plots d
modulus ~KA (D) and membrane tension tt (E) for cells under the different conditions 1–5. Scalon the cell type and organization of cells. The way epithelial cell
monolayers are formed on structured or porous substrates and the im-
pact of this topography on cellular mechanics have barely been ad-
dressed. Clark and coworkers found that the substrate is important for
mechanosensing in epithelial cells. However, little is known how cellu-
lar elasticity changes in response to substrate topography [64]. Rother
et al. studied themorphological and viscoelastic properties of conﬂuent
MDCK II cells grown to conﬂuence on porous substrates with deﬁned
pore size [65]. Essentially, it was found that cells grown on large pores
in the micrometer range appear softer and behave more liquid-like.
Cells form compact and highly ordered cell assemblies. Furthermore,
they grow in height and occupy a smaller area but maintain their vol-
ume. On the basal side the cells remodel their actin cytoskeleton to
span larger pores. In essence, changes in substrate topography substan-
tially inﬂuence the morphology and mechanics of epithelial cell layers
by forcing the cell to remodel the actin cytoskeleton.5. Chemical stimuli and toxins
5.1. Actin dissolution using cytochalasin D
Administration of drugs targeting speciﬁcally the cytoskeleton is an
invaluable test bed judging which mechanical cell model describes the
experimental situation best. For instance, it is possible to dissolve the
actin cytoskeleton by administration of cytochalasin D (Cyt D), arrest
actomyosin contractility by adding blebbistatin or reduce excess surface
area using methyl-β-cyclodextrin (MBCD) that removes cholesterol
from the plasma membrane. Cytochalasin D leads to the disassembly
of the F-actin cytoskeleton and thereby permits to separate the tensionshowing the F-actin distribution of untreatedMDCK II cells (1), cells cultured on5 μmsized
lasma membrane using MBCD (4), and after F-actin depolymerization with cytochalasin D
epicting the mechanical parameters overall tension t0 (C), apparent area compressibility
e bar: 15 μm.
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tension [27]. After disrupting the actin cortex integrity membrane ten-
sion and cortical tension drop signiﬁcantly [48]. This is expected since
membrane tension is generated by actin coupled to the inner leaﬂet of
the plasma membrane while cortical tension breaks down if actin ﬁla-
ments are shrinking in size. The apparent area compressibility modulus
~KA also decreases on average. This drop might be attributed to a release
of membrane area in response to cytoskeleton removal.5.2. Removal of cholesterol from the plasma membrane
Poole et al. showed that addition of methyl-β-cyclodextrin toMDCK
cells ﬂattens the apical membrane in response to cholesterol removal
from the plasma membrane [66]. As a consequence, the amount of mi-
crovilli and therefore plasma membrane area is reduced considerably.
This reduction in membrane area is reversible by removing the agent
from the culture medium as shown by impedance spectroscopy [27].
From a mechanical point of view, MBCD treated cells show continu-
ously increasingmembrane tension,while reducing apical excessmem-
brane area. This reduction is also reﬂected in the measured apparent
area compressibility modulus showing an increase with exposure time
to MBCD [27]. Interestingly, cortical tension is barely affected, which
suggests that this effect can be largely attributed tomembranemechan-
ics rather than to changes in cytoskeleton dynamics and mechanics.
Fig. 2 shows a summary of morphology and mechanical parameters
of MDCK II cells exposed to various chemical and physical stimuli. The
top row A1–A5 shows actin staining, the images B1–B5 the correspond-
ing AFM deﬂection images and C–E the associated mechanical parame-
ters t0, ~KA, and tt. The ﬁrst column (A1, B1) lists untreated MDCK II cells
(control) cultured on a regular petri dish, the second column (A2,B2)
depicts cells cultured on 5 μmsized pores adopting a cubic arrangement,Fig. 3.Morphology and mechanical properties of NMuMG cells after addition of TGF-β1.
(A) AFM topography images before (A1) and after administration of TGF-β1 (A2).
(B) Overall tension t0 of untreated NMuMG cells (gray, 1), NMuMG cells treated 24 h
with TGF-β1 (red, 2), NMuMG cells treated 48 h with TGF-β1 (blue, 3), NMuMG cells
treated 48 hwith TGF-β1 and 10 μg/mL cytochalasin D for 10min (black, 5) and single un-
treated NMuMG cells (green, 4). Scale bar: 15 μm.the third column (A3,B3) shows swollen cells exposed to hypoosmotic
conditions, the fourth (A4,B4) represents smoothed cells aftermicrovilli
disappeared due to cholesterol removal withMBCD and the last column
(A5,B5) displays cells after administration of cytochalasin D (CytD)
documenting dissolution of F-actin.
6. Mechanics of cells undergoing epithelial-to-mesenchymal
transition
In the context of wound healing, tumorgenesis and embryogenesis
epithelial cellsmayundergo a process called epithelial-to-mesenchymal
transition (EMT). During this process, the cells lose their epithelial char-
acteristics such as polarity and cell–cell contacts. Moreover, the cells
start migrating and by that abandon their epithelial cell community
[67,68]. The morphological alterations each cell experiences during
EMT pose a substantial challenge to the mechanical integrity of cells
because the cells transform from a compact to a more fusiform-
elongated morphology accompanied by a substantial size increase and
an increase in the surface area to volume ratio. This change of the me-
chanical phenotype is supposed to be responsible for an increased ma-
lignancy during metastasis [69–72]. The transforming growth factor β
(TGF-β) is one of the key factors for inducing EMT in epithelial cells.
The associated signaling pathway is often compromised during cancer
progression. It was found that TGF-β acts as a tumor suppressor by
inhibiting proliferation and inducing apoptosis in the early stage of
tumorgenesis, while the cytokine promotes tumorigenic cell functions,
such as epithelial-to-mesenchymal transition and increased cell motili-
ty in later stages [73]. Using atomic force microscopy it was found that
during EMT, apical tension of the epithelial cell line NMuMG is correlat-
edwith cell–cell contact density and remodeling of the underlying cyto-
skeleton emphasizing an interplay between cellular structure and
mechanics. Force spectroscopy reveals that cortical andmembrane ten-
sion of NMuMG cells increases 24 h after EMT induction using TGF-β
[71]. In the ﬁnal mesenchymal-like state the overall tension becomes
similar to that of solitary adherent cells or even ﬁbroblasts (Fig. 3).
Actin remodeling plays a pivotal role in the change of the phenotype
during EMT demonstrated by the formation of stable and highly con-
tractile stress ﬁbers in the mesenchymal state. This dominates the elas-
tic properties of the cells after completion of the EMT. The severe
structural alterations lead eventually to the formation of single, highly
motile cells that used up the entire membrane reservoir stored in the
epithelial state rendering apical tension a good indicator for the pheno-
type switching.
Fig. 3 illustrates the impact of TGF-ß induced EMT in NMuMG cells.
In Fig. 3A the switch in morphology is shown from a compact epitheli-
um to fusiform-elongated cells without cell–cell contacts. While the
overall tension governs the response of the cells at low indentation
depth, area dilatation dominates the force response at larger strain. Cor-
tical tension increases with treatment duration (Fig. 3B (1,2,3)) leading
almost to tension values found in ﬁbroblasts (4).
7. Conclusions
Mechanical properties of polarized epithelial cells in the context of a
conﬂuentmonolayer are predominantely governed by the cytoskeleton
at low strain, while at large strain the inextensibility of the plasma
membrane ultimately limits the response of cells to deformation.
The role of surface area regulation at large deformation is often
underestimated in AFM indentation experiments albeit other tech-
niques such as micropipette suction experiments consider this a major
contribution to the overall elastic response of cells. In literature, conven-
tional contactmodels such as the classical Hertzmodel treating cells as a
homogenous elastic body prevail in most AFM applications. While con-
tact models permit to describe the elastic response at low strain reason-
able well, they do not capture the intricate structure of composite shells
composed of a plasma membrane attached to a contractile actomyosin
3081B.R. Brückner, A. Janshoff / Biochimica et Biophysica Acta 1853 (2015) 3075–3082cortex enclosing a viscous ﬂuid, the cytoplasm. Moreover, for some cell
types application of these contact models provides Young's modules
that are not indenter invariant. Cells appear softer when probed with
blunt spherical indenters as opposed to sharp conical indenters produc-
ing modules that are larger by more than one order of magnitude.
The tensionmodel as an alternative for cells behaving as liquid drop-
lets is sufﬁciently simple to be applied to experimental data as a ﬁtting
functionwithmerely two independent parameters but at the same time
successfully describes low and high penetration depth in terms ofmem-
brane tension, cortical tension and area compressibility. Although some
of the central assumptions such as volume conservation need to be
taken with care, the model describes the impact of various chemical
and physical stimuli reasonably well and it is proven to be independent
of indenter geometry.References
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